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An  analytical  study  was  undertaken  in  support  of  a  preliminary  design 
effort  to  show  the  feasibility  of  a  modified  XH-51A  compound  helicopter 
achieving  a  speed  of  300  knots  by  slowing  the  rotor  in  high-speed  flight, 
while  retaining  good  hover  performance  characteristics.  The  limitations 
on  speed  and  maneuverability  evident  from  previous  flight  test  programs 
are  described,  and  results  of  analysis  are  presented  to  show  that  these 
limitations  can  be  eliminated  in  order  to  provide  an  increased  flight 
envelope  for  compound  helicopter  operation. 

Previous  XK-51A  compound  helicopter  flight  speeds  have  been  limited  at 
263  knots  primarily  by  vibration  due  to  compressibility  effects  on  the 
advancing  blade.  Compressibility  excites  blade  frequencies,  causing  high 
vibratory  levels  in  the  aircraft  and  high  dynamic  loads.  Slowed-rotor __ 
operation,  at  speeds  as  low  as  50$  normal  rpm,  is  explored  as  a  method 
for  1  educing  advancing  tip  compressibility  effects  to  achieve  the 
300-k.ot  flight  speed.  Two  levels  of  rpm  reduction,  25$  and  50$,  with 
some  differences  in  design  requirements  and  operating  procedure,  are 
evaluated.  In  both  cases,  300-knot  operation  is  feasible  with  the  rotor 
system  providing  full  aerodynamic  control  without  the  need  for  auxiliary 
fixed-wing  control  surfaces.  The  75$  rpm  system  includes  modified  rotor 
blade  frequency  placement,  a  herd-mo_nted  transmission,  and  a  rotor-speed 
control  gyro.  The  50$  rpm  system  include!-  increased  structural  blade 
flapvise  and  torsional  stiffness,  a  hard-mounted  transmission,  and  a  high¬ 
speed  control  gyro.  With  the  addition  of  a  thin-tip  airfoil,  increased 
compressibility  margins  at  300  knots  for  the  75$  rpm  system  would  result, 
and  operation  at  speeds  approaching  350  knots  with  a  50$  rpm  system  appears 
to  be  feasible. 

A  test  program  is  recommended  to  confirm  and  supplement  the  conclusions  of 
the  study. 
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FOREWORD 


This  report  describes  the  results  of  an  analytical  study  of  a  possible 
flight  envelope  expansion  for  the  XH-51A  compound  helicopter  by  slowed- 
rotor  operation.  Analytical  data  are  provided  for  a  range  of  design  param¬ 
eters  .  This  study  was  conducted  by  the  Lockheed-California  Company  from 
January  to  April  1968  under  Contract  DAAJ02-68-C-0033  with  the  U.  S.  Army 
Aviation  Materiel  Laboratories.  USAAVLABS  program  direction  was  provided 
oy  R.  C.  Dumond. 

Major  Lockheed  contributors  to  this  report  include  V.  Bilezikjian, 

I.  B.  Sachs,  J.  E.  Sw*>ers,  D.  H.  Janda;  J.  A.  Hoffman,  and  R.  B.  Lewis. 
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INTRODUCTION 

This  report  presents  the  results  of  an  analytical  study  performed  to 
determine  the  feasibility  of  expanding  the  flight  envelope  of  the  XH-51A 
compound  helicopter  to  include  a  300-knot  speed  objective  through  sub¬ 
stantially  slowed  rotor  operation  in  high-speed  flighty  and  to  provide  data 
to  support  preliminary  design  of  such  an  aircraft.  The  phenomena  asso¬ 
ciated  with  the  speed  limits  observed  in  prior  flight  programs  are  identic 
fied  and  analyzed,  and  methods  for  their  elimination  are  presented  to  show 
that  the  flight  envelope  may  be  expanded.  Also,  the  effects  of  various 
rotor  system  design  parameters  on  both  high  speed,  at  a  range  of  tip 
speeds,  and  hover  operating  characteristics  are  considered  to  identify 
those  parameters  which  are  most  critical  to  the  design, and  to  provide  a 
basis  for  the  selection  of  the  best  rotor  design  for  the  slowed-rotor 
XH-51A  compound  helicopter.  Four  rotor  operation  problem  areas  are  iden¬ 
tified  and  treated  separately: 

•  Rotor  dynamics  and  aeroelastic  stability 

•  Control  phase  shift  and  control  power  at  low  rpm 

•  Rotor  loads 

•  Performance 

Test-based  analytical  methods,  outlined  in  Appendix  I,  Methods  of  Analysis, 
are  applied  to  develop  data  in  these  areas.  Elements  of  these  analyses 
were  applied  in  designing  the  XH-51A  compound  for  flight  speeds  in  the 
proximity  of  250  knots,  and  the  analyses  reflect,  updating  and  refinement 
based  on  the  results  of  flight  experience. 

The  scope  of  this  study  encompasses  rotor  speeds  from  100%  to  50^  normal 
rpm.  Rotor  parameters  for  a  75%  rpm  and  a  505&  rpm  system  are  presented. 

Tiie  75%  rpm  rotor  system  allows  operation  at  300  knots  with  the  same 
blade  geometry  used  in  the  previous  configuration,  but  with  different  mass 
characteristics.  The  50%  rpm  rotor  system  allows  for  operation  at  300 
knots  but  also  provides  a  maximum  potential  for  increasing  speed  due  to  a 
large  operating  margin  before  encountering  the  onset  of  advancing  blade 
compressibility . 

Although  the  data  presented  have  been  generated  for  the  XH-51A  compound 
helicc.iter,  where  practical  they  are  presented  in  a  form  applicable  to  a 
broader  category  of  rigid-rotor  helicopters. 


BACKGROUND 


Since  this  study  was  performed  to  provide  preliminary  design  data  for  the 
XH-51A  compound  helicopter,  a  familiarity  with  the  basic  design  for  the 
vehicle  is  useful .  The  XH-51A  research  ccmpounu  helicopter  (Figure  l)  has 
a  35-foot-diameter,  four-bladed,  gyro-controlled  rigid  rotor,  wings  for 
unloading  the  rotor  lift  at  high  forward  speeds,  a  jet  engine  mounted  close 
to  the  fuselage  on  the  left  wing  for  propulsion,  horizontal  and  vertical 
tail  surfaces,  and  a  two-bladed  teetering  tail  rotor  for  antitorque  and 
directional  control.  The  aircraft  requires  no  movable  fixed-wing  aero¬ 
dynamic  control  surfaces  since  the  rigid  rotor  provides  sufficient  pitch 
and  roll  control  moment  through  application  of  cyclic  p5tcb  at  any  rotor 
thrust  level. 

The  evolution  of  the  XH-51A.  aircraft  as  a  helicopter  and  a  compound  heli¬ 
copter  is  described  in  Reference  1.  References  2  and  3  describe  succes¬ 
sive  maneuver  envelope  expansions  and  increased  speed  objectives.  This 
section  presents  the  approach  taken  in  designing  a  rigid-rotor  compound 
helicopter  to  expand  the  maneuver  envelope  for  high-performance  rotary¬ 
wing  aircraft. 

FLIGHT  CONTROL  TECHNIQUES 


The  rotor  of  a  conventional  helicopter  in  forward  flight  is  used  to  per¬ 
form  two  distinct  hut  related  functions:  (l)  to  provide  lift  and  (2)  to 
provide,  propulsive  force  to  overcome  aircraft  drag.  When  sufficient  power 
is  available  so  that  high-speed  performance  is  not  power-limited,  vibra- 
ticms  (caused  by  retreating  blade  stall  and  advancing  blade  compressibil¬ 
ity)  limit  speed  through  high  rotor  loads  and  decreased  control  margins. 
While  operation  under  these  conditions  may  be  possible  from  structural 
considerations  and  from  the  pilot's  standpoint,  the  rotor  becomes  less 
efficient. 

It  is  desirable  to  substitute  alternate  methods  for  providing  vehicle  lift 
and  propulsive  force.  Aircraft  lift  may  be  provided  by  a  wing,  which 
would  enhance  performance  at  moderate  speeds  and  improve  maneuver  capa¬ 
bility.  However,  relieving  the  rotor  lift  requirement  alone  does  not 
appreciably  ai'fec  ;  maximum  speed  capability,  since  reducing  rotor  lift 
unloads  it  in  propulsive  force  as  well.  Substantially  higher  speed  flight 
of  the  aircraft  requires  a  separate  propulsive  device  such  as  a  shaft- 
driven  propeller  or  a  jet  engine,  whether  or  not  the  rotor  is  unloaded  in 
lift.  The  XH-51A  compound  helicopter  combines  a  wing  for  lift  and  &  jet 
engine  for  propulsive  force.  While  the  jet  engine  is  not  the  most-  effi¬ 
cient  propulsive  device  which  could  be  provided  for  the  operating  range 
under  consideration,  it  ir  well  suited  to  a  research  vehicle  due  to  sim¬ 
plicity  of  installation  and  control. 

Far  high-speed  flight  control  of  a  compound  helicopter  with  a  teetering  or 
fully  articulated  rotor,  it  is  necessary  to  maintain  a  substantial  level 
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Figure  1.  XH-51A  Compound  Helioipter  in  Flight. 


of  rotor  thrust  or  to  install  airplane  controls  to  obtain  pitch  and  roll 
control.  Maintaining  thrust  on  the  rotor  limits  speed  capability,  and 
additional  controls  tend  to  complicate  the  control  system  and  add  weight 
to  the  vehicle.  In  contrast,  the  XH-51A  rigid  rotor  is  capable  of  pro¬ 
viding  a  control  moment  at  the  hub  through  cyclic  pitch  control  when  the 
rotor  is  completely  unloaded. 

The  basic  approach  taken  in  the  design  of  the  XH-51A  compound  is  to  pro¬ 
vide  wing  size  and  incidence  sufficient  to  completely  unload  the  rotor  at 
the  high-speed  point  so  that  maximum  cyclic  control  power  is  available  for 
maneuvering.  At  the  high-speed  point,  the  rotor  attitude  is  level  and  the 
collective  pitch  measured  at  the  three-quarter  radius  is  near  zero  degrees. 
The  corresponding  longitudinal  cyclic  control  setting  required  for  trim  is 
also  near  zero  degrees.  Further  tailoring  of  wing  parameters  is  a  func¬ 
tion  of  desired  rotor /wing  lift-sharing  at  lower  speeds  and  vehicle  atti¬ 
tude  at  the  minimum  speed  selected  for  operation  with  the  high-speed 
point  collective  pitch  setting. 

Flight  from  hover  to  progressively  higher  speeds  is  accomplished  without  a 
requirement  far  a  shift  in  primary  control  systems,  since  all  control  is 
provided  by  the  rotor  system.  In  the  speed  regime  below  80  knots,  the 
aircraft  is  flown  with  collective  and  cyclic  control  as  in  any  helicopter. 
At  a  speed  between  80  and  120  knots,  thrust  on  the  propulsive  engines  is 
increased  and  the  collective  pitch  is  set  at  the  high-speed  position 
(0.75  -  0).  In  this  condition,  the  rotor  is  at  a  positive  angle  of  attack 
and  is  providing  most  of  the  lift  for  the  aircraft.  As  speed  increases, 
the  wing  lift  capability  increases  and  the  angle  of  attack  of  the  aircraft 
is  decreased,  unloading  the  rotor.  Longitudinal  and  lateral  stick  dis¬ 
placement  provide  pitch  and  roll  control  through  cyclic  feathering,  but 
the  aircraft  Is  flown  as  an  airplane  without  varying  collective  Pi1J% 

Yaw  control  is  provided  by  the  tail  rotor. 

In  high-speed  flight  with  the  rotor  unloaded,  the  effects  of  retreating 
blade  stall  on  performance  and  control  capability  are  negligible.  Retreat¬ 
ing  blade  stall  occurs  only  in  the  reverse  flow  region  where  local  veloc¬ 
ities  are  low.  Where  a  control  moment  must  be  generated  with  differential 
lift  between  the  90-degree  and  270-degree  azimuth  locations,  the  high- 
velocity  condition  on  the  advancing  blade  easily  provides  the  mechanism 
for  sufficient  differential  lift. 

FLIGHT  EMERGESCY  COHSIDHtATIONS 


In  the  event  of  a  shaft  engine  failure  while  operating  at  high  speed  with 
the  rotor  unloaded,  it  is  necessary  to  load  the  rotor  to  develop  an 
autorotation  condition.  This  cannot  he  accomplished  merely  by  increasing 
rotor  angle  of  attack  since  the  wing  lift  increases  also.  To  overcome 
this  problem  in  the  XH-51A  compound  helicopter,  wing  spoilers  are  installed 
and  an  emergency  procedure  has  been  established  and  found  to  be  satis¬ 
factory  in  flight  test.  When  a  shaft  engine  failure  is  detected,  the  wing 
spoilers  are  deflected  to  unload  the  wing  and  a  turn  is  made  to  increase 
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rotor  loading  more  rapidly.  The  turn  provides  .the  necessary  rotor  angle 
of  attack  without  extreme  attitudes  and  &  more  precise  control  of  rotor 
rpm  through  bank  angle.  As  flight  speed  is  reduced,  the  rotor  lift  load 
readily  sustains  autorotation. 

In  an  operational  compound  where  the  propulsive  force  may  be  obtained 
through  a  shaft-driven  propeller  instead  of  a  jet  engine,  the  propeller 
drive  may  be  geared  to  the  power  system  of  the  main  rotor.  In  the  event 
of  power  loss,  the  propeller  is  set  to  absorb  energy  from  the  flight  path 
to  help  slow  the  aircraft  as  well  as  to  help  keep  the  Main  rotor  rotating 
until  it  can  produce  enough  lift  to  sustain  autorotation. 

PRIOB  FLIGHT  LIMITATIONS 

Flight  tests  of  the  XH-51A  have  provided  extensive  information  useful  in 
the  study  of  high-speed  compound  rotary-wing  flight.  Data  have  been 
accumulated  on  the  effects  of  lift-sharing  between  the  ving  and  the 
rotor,  vehicle  center-of -gravity  placement  and  load  factors.  A  summary  of 
the  experimentally  demonstrated  velocity-load  factor  envelope  of  this 
aircraft  is  shown  in  Figure  2.  Vibration,  loads  and  stability  character¬ 
istics  of  the  rotor  and  vehicle  were  monitored  at  various  forward-speed 
and  rotor-speed  combinations .  During  the  rpm-airspeed  envelope  explora¬ 
tion  summarized  in  Figure  3,  three  'aerodynamic-dynamic  factors  limiting 
high-speed  flight  were  identified  as  follows: 

1»  A  compressibility  limit  on  the  advancing  blade  was  experienced 
in  the  form  of  high  vibratory  response,  high  oscillatory  loads 
and  a  right-hand  stick  displacement  required  for  trim.  Repeated 
high-speed  flights  with  a  conventional  HACA  0012  rotor  blade 
airfoil  section  show  that  compressibility  effects  do  not  become 
significant  until  reaching  an  advancing  tip  Mach  number  of 
0.91.  Flights  were  conducted  to  a  limiting  Mach  number  of  0.9^2 
at  95- %  rpm. 

2.  Decreased  static  stability  margins  limited  operation  at  90 £ 
rotor  rpm  at  185  knots  and  near  neutral  c.g.  This  limitation 
was  removed  by  moving  the  c.g.  forward, allowing  operation  up  to 
2iy  knots  • 

3.  Rotor  plane  oscillations,  which  are  possibly  interrelated  with 
the  above  static  longitudinal  stability  margin,  were  observed  at 
reduced  rpm/higl  ght  speed  combinations.  These  oscillations 
had  not  been  reported  at  the  90jt,  185-knot  test  conditions. 

SLOWED-ROTOR  OPERATION 

The  primary  speed  limitation  on  the  XH-51A  in  its  previous  test  configura¬ 
tion  was  vibration  caused  by  the  high  Mach  number  of  the  advancing  blade 
tip.  Regardless  of  the  selection  of  airfoil  section  for  the  area  of  the 
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Airspeed  vs.  RFM  Level  (Power-On)  Coverage  Attained  with  the 
XH-51A  Compound  Helicopter. 


blades  near  the  tip,  Mach  niaiber  limitations  will  not  allow  a  substantial 
increase  in  maximum  speed  at  the  design  hover  tip  speed.  Therefore)  tue 
next  major  increase  in  speed  capability  can  best  be  attained  by  rotor 
slowing  to  significantly  decrease  the  advancing  blade  tip  Mach  ntxnber  to 
an  operating  range  below  that  where  compressibility  effects  become  signif¬ 
icant. 

The  purpose  of  this  study  is  to  evaluate  the  feasibility  of  expanding  the 
high- speed  end  of  the  flight  envelope,  but  it  should  be  noted  that  high¬ 
speed  capability  is  not  the  only  benefit  of  slowed-rotor  operation.  Slowed- 
rotor  operation  has  the  added  benefit  of  reducing  the  power  requirements 
at  moderate  speeds  (150  to  200  knots).  This  power  reduction  due  to 
decreased  blade  profile  losses  produces  a  significant  increase  in  range  and 
endurance  characteristics  at  cruise  conditions. 
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ROTOR  DYNAMICS  AND  AEROEIASTIC  STABILITY 


In  previous  flight  tests  of  the  XH-51A,  high-speed  flight  has  been  limited 
by  vibrations  induced  by  compressibility  effects  at  100£  rpm,  and  by  rotor 
frequency  excitation  at  reduced  rpm.  In  this  section  the  flight  limits 
experienced  in  these  tests  are  discussed  in  detail,  and  results  of  analysis 
indicating  the  feasibility  of  eliminating  these  limits  are  presented. 


FLIGHT  LIMITS 


Limitations  on  maximum  speed  experienced  in  previous  flight  tests  were 
principally  characterized  by  dynamic  response.  The  primary  limitation  was 
the  result  of  compressibility  effects  on  the  advancing  blade  when  the  tip 
Mach  nunbers  from.  0.91  to  0.9*+  produce  local  shock,  high  drag  and  aero¬ 
dynamic  center  shift  sufficient  to  excite  the  blade  frequencies  and  cause 
a  high  vibratory  response  and  oscillatory  loads.  The  actual  limiting 
factor  was  the  pilot's  inability  to  operate  in  a  high  vibratory  environ¬ 
ment  (i.e.,  inability  to  read  his  instruments,  physiological  discomfort, 
etc.),  since  the  level  of  the  vibratory  loads  experienced  in  flight  was  well 
below  the  structural  design  limit.  The  solution  to  this  problem  is  found 
in  simply  reducing  rotor  tip  speed  in  hi gh- speed  flight;  but  in  so  doing, 
the  effects  of  slowing  the  rotor  on  Mudo  natural  frequency,  aeroelastic 
stability  and  control  capability  must  be  considered. 

The  second  limit  was  experienced  at  90 %  rotor  rpm,  185  knots  at  neutral 
c.g.,  where  two  different  pilots  experienced  what  they  described  as  a 
degradation  in  longitudinal  static  stability.  Flight  records  showed  that 
this  configuration  exhibited  very  poor  longitudinal  stability  character¬ 
istics.  By  moving  the  c.g.  forward,  the  tpeed  capability  was  immediately 
increased  to  217  knots. 

A  dynamic  phenomenon  observed  in  the  flight  test  program  at  95.5^6  rpm  (at 
forward  c.g.)  was  characterized  as  "hop"  since  It  was  sensed  primarily  as 
vehicle  vertical  acceleration.  This  phenomenon  was  encountered  during  an 
autorot  at  ion  entry  at  232  knots,  and  flight  records  disclosed  that  it 
involved  higher  than  normal  blade  chordwise  response  caused  by  the  soft- 
mounted  transmission  hitting  its  forward  stop  at  the  time  of  the  initia¬ 
tion  of  autorotation.  The  response  of  the  fuselage  exhibited  a  develop¬ 
ment  of  pitch  and  roll  rates  and  c.g.  acceleration.  It  is  believed  that 
the  impact  loading  as  well  as  the  nonlinear  stiffness  sensed  by  the  rotor 
system  while  the  stops  were  deflected  caused  the  high  in-plane  response 
which  produced  the  vehicle  motions,  and  that  the  elimination  of  soft- 
mounting  of  the  transmission  will  preclude  the  occurrence  of  this  phe¬ 
nomenon. 

An  analytical  study  of  the  hop  phenomenon,  reported  in  Reference  4,  indi¬ 
cates  that  the  operation  of  this  rotor  near  93%  rpm  (1.5P  in-plane  fre¬ 
quency)  would  result  in  reduced  rotor  in-plane  damping.  This  effect, 
cOTfciued  with  reduced  longitudinal  static  stability  margins,  is  believed 
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to  have  aggravated  the  system  response  which  produced  the  observed  phenom¬ 
enon.  It  is  also  probable  that  the  effect  on  stability  of  the  combina¬ 
tion  of  increased  forward  speed  and  reduced  rotor  rpn  is  adversely 
augmented  by  the  reduction  of  control  gyro  effect ivity.  This  condition 
could  be  alleviated  by  increasing  gyro  size.  The  phenomenon  is  dependent 
upon  the  rotor  chordwise  response  driving  the  collective  control  system 
to  produce  the  vertical  accelerations.  It  may  be  eliminated  by  tailoring 
chordwise  stiffness  and  damping  and  collective  stiffness  and  damping. 


DYNAMIC  AND  AERQELASTIC  STABILITY  ANALYSIS 


In  addition  to  proper  placement  of  rotor  blade  frequencies,  successful 
rotor  design  must  feature  adequate  stability  margins  within  the  opera¬ 
tional  rpm  excursion  limits  and  forward  speed  envelope.  A  parametric 
study  evaluating  the  n>  cess ary  design  changes  to  an  XH-51A-size  rotor  and 
control  system  provides  a  high  level  of  confidence  in  attaining  the  300" 
knot  speed  objective.  The  rotor  parameter  variations  studied  are  within 
the  forward  speed  range  of  230  to  350  knots  and  rotor  speeds  of  approxi¬ 
mately  50 £  to  100^  rpm  (where  100&  rpm  represents  355  650  fps  tip 

speed). 

A  brief  overview  of  the  parameters  affecting  the  aeroelastic  and  dynamic 
stability  characteristics  of  the  gyro-controlled  rigid-rotor  system 
follows.  Cyclic  stability  of  the  rotor  system  is  achieved  primarily  by 
the  selection  of  a  control  gyro  size  and  mechanical  advantage  which  are 
compatible  with  blade  sweep  and  rotor  power  loading.  Collective  stability 
is  achieved  by  providing  adequate  collective  control  stiffness.  Advancing 
rotary  modes  of  the  rigid  rotor  are  effectively  stabilized  by  proper 
selection  of  the  cant  angle  of  the  control  gyro  and  the  sweep  and  droop 
of  the  blade.  The  possibility  of  high-frequency  blade  flutter  at  low  p 
is  precluded  by  maintaining  a  rotor  blade  chordwise  center-of -gravity 
distribution  which  is  virtually  on  the  blade  quarter-chord  in  the  outboard 
region  of  the  blade  span.  Blade  flutter  at  high  p,  in  particular  for  the 
region  4»  =  225  degrees  to  =  315  degrees,  is  controlled  by  maintenance 
of  a  blade  torsional  frequency.  A  swashplate  damper  is  used  to  sta¬ 
bilize  a  2P  nutation  mode. 

The  ranges  of  rotor  and  control  system  parameters  studied  with  the  16- 
degrec -of- free dam  analytical  model  described  in  Appendix  I  are  presented 
in  Table  I.  The  configuration  for  the  current  XH-51A  compound  helicopter 
rotor  system  is  shown  in  this  table  by  the  underlined  parameters. 

The  initial  phase  of  analysis  is  applied  to  the  study  of  the  basic  XH-51A 
compound  system  to  provide  direct  comparison  with  flight  test  experience. 
The  results  of  this  study  shown  on  Figure  *+  indicate  that  the  critical 
dynamic  mode  is  a  motion  which  can  be  characterized  as  rotor-gyro  nutation. 
The  airframe  would  develop  substantial  2P  vibration  levels  prior  to  rescu¬ 
ing  this  limit  which  would  easily  be  corrected  by  increasing  the  swashplate 
^■mrying-  levels.  When  flight  data  from  previous  test  programs  are  examined. 
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Figure  4.  Stability  of  Rotor-Gyro  Nutation 
Mode,  Basic  Configuration. 
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no  clear  evidence  of  damping  reduction  in  this  mode  is  seen  within  the 
range  of  operating  conditions  tested.  However,  the  rpm  and  forward  fdiSht 
gSeds  tested  did  result  in  substantial  vibration  at  V-e  tip^Mach 
nf  O  04  which  may  have  masked  this  characteristic.  The  aralysis 
servaVve  with  Respect  to  this  mode,  since  only  the  swashplate  damping  iB 
Seated  for  and  any  additional  damping  due  to  control  system  friction 

provides  added  margins. 


TABLE  x.  PARAMETER  VARIATIONS  ANALYZED 


Variable 


Range  of  Analysis 


Units 


Control  Gyro  Inertia 
Blade  Sweep 
Gyro  Cant  Angle* 
Rotor  RPM 
Blade  Tip  Weight 


TV5,  10,  15 i  25,  50  Slug-Ft 

1.18,  2.36,  3.54  Deg 

45,  60,  65  ^8 

53,  73,  Bl,  90,  100  $ 

0,  10,  20 


Vehicle  Forward  Velocity  230  tc  350 


Swashplate  Damper 


200,  1000,  1900 


♦Defined  as  the  control  gyro  azimuthal  lead  angle 


In. -Lb/Rad/Sec 


The  results  of  the  analysis  for  a  recommended  configuration  are  shown  in 
Figure  5.  This  configuration  is  basically  an  XH-51A-type  rotor 
which  incorporates  additional  swashplate  dating  (five  times  the  original 
level),  a  larger  gyro  (two  times  the  original)  and  12-pound 
weights  for  rotor  centrifugal  stiffening  as  well  as  in-plane  ^ending  fre- 
placement  at  reduced  rpm.  All  other  parameters  remain 
Adequate  operating  margins  down  to  75*  rpm  are  insured  on  the  basis  of  the 
solution  shown  for  the  73$  rpm  condition. 

A  reduction  of  25$  in  rotor  speed  results  in  a  loss  in  flapwise  stiffness 
if  about  40$.  If  the  XH-51A  were  flown  to  increasingly  fairer  forward 
sneed^  while  Maintaining  a  constant  blade  tip  Mach  number  **FP^ria';e1 
reduction  in  rotor  speed,  the  advance  ratio  would  increase  proportionately, 
and  the  retreating  blades,  beginning  with  pinboard  regions, 
encounter  progressively  more  reverse  flow.  Tbe  result  is  that  vertical 
gusta  become  more  adversely  effective  inasmuch  as  they  can  produce 
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Figure  5.  Stability  of  Rotor-Gyro  Nutation  Made,  Comparison 
of  Basic  and  Re c amended  Configurations. 
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relatively  large  transient  flapping  responses.  This  effect  is  augmented 
by  the  more  asymmetrical  character  of  gust  envelopment  in  the  case  of  a 
slowly  rotating  rotor.  At  lowered  rotor  rotational  speeds  and  high  forward 
flight  speeds,  such  transient  flapping  responses  could  manifest  themselves 
in  the  form  of  high  loads,  possible  blade  divergence  and/or  vehicle  insta- 
bility. 

In  view  of  the  aeroelastic  constraints,  there  exists  a  limit  to  the  reduc¬ 
tion  in  rotor  speed  in  combination  with  forward-flight  speed  which  can  be 
tolerated  before  significant  structural  and  mechanical  modifications  become 
necessary.  From  the  data  developed,  this  limit  appeared  below  73$  rpm  at 
300  Knots.  It  will  be  shown  that  greater  reductions  in  rotcr  rpm  and 
higher  forward  flight  speeds  can  be  facilitated  by  the  incorporation  of  a 
high-speed  gyro  and  structural  modifications. 

Barring  mechanical  and  structural  alterations,  the  special  aeroelastic 
phenomena  associated  with  high-speed  operation  of  the  compound  XH-51A  rotor 
system  at  50$  of  its  original  design  speed  can  be  attributed  to  three 
principal  conditions:  (l)  excessive  loss  in  flapping  stiffness  corre¬ 
sponding  to  the  reduction  in  rotor  speed,  (2)  diminution  of  gyro  author¬ 
ity,  and  (3)  inadequate  frequency  separation. 

In  addition  to  its  influence  on  blade  frequencies,  substantial  loss  of 
flapping  stiffness  will  result  in  flapping  excursions.  These  become  pro¬ 
gressively  larger  as  advance  ratio  is  increased  so  that  even  though  the 
intent  is  to  maintain  an  unloaded  rotor  during  flight  at  high  advance 
ratios,  the  rotor  will  nevertheless  become  more  sensitive  to  rotor  inci¬ 
dence  change,  such  as  that  occasioned  by  gust  envelopment.  Such  flapping 
excursions  would  also  have  a  significant  effect  on  rotor  torque  end,  hence, 
on  rotor  speed.  Compensation  for  such  cyclic  disturbances  is  an  innate 
characteristic  of  the  ^yro-contrclled  rigid-rctor  system  when  the  gyro 
possesses  good  gyroscopic  characteristics.  It  should  be  mentioned  that  the 
centrifugal  stiffness  can  be  partially  restored  by  adding  tip  weight  to  the 
rotor  blades.  The  tip  weight  requirements  and  flapping  motion  dynamics  are 
treated  in  the  next  section. 

As  the  advance  ratio  approaches  unity,  a  large  area  oi  the  retreating  side 
of  the  rotor  is  in  reverse  flow.  Due  to  the  large  offset  of  the  line  of 
aerodynamic  centers  relative  to  the  blade  structural  elastic  axis,  the 
blade  in  this  reverse  flow  region  will  have  an  apparent  "negative  sweep" 

I  with  respect  to  its  feathering  axis.  This  effect  is  destabilizing  in  that 

I  it  generates  the  tendency  to  precess  the  control  gyro  so  as  to  result  in 

an  increase  in  the  rotor  moment.  This  feedback  loop  results  in  the  gyro- 

I  rotor  system's  tendency  toward  instability  in  a  rotor  cyclic  divergence 

mode,  due  to  its  effect  on  rotor  damping.  These  adverse  characteristics 
will  exist  over  a  large  area  of  the  retreating  side  of  the  rotor  for 
advance  ratios  near  unity.  Thus,  the  impedance  of  the  gyro  must  be  suffi¬ 
ciently  large  to  forestall  the  effects  of  adverse  feedback  until  the  sta- 
I  bilizlng  conditions  of  the  advancing  side  are  reencountered. 


With  the  rotor  slowed  to  50%  rpm,  it  would  not  be  feasible  to  furnish  «\ 
control  gyro  of  the  convention^  type  since  the  size  required  would  make 
the  gyro  unwieldy.  The  high-speed  control  gyro,  which  maintains  its  high 
rotational  speed  and,  consequently,  its  ability  to  provide  rotor  control 
as  the  main  rotor  speed  is  reduced  and  restored,  possesses  important 
characteristics  relative  to  the  limitations  referred  to  above. 

Examination  of  control  gyro  size  selection  for  pilot  control  and  rotor 
response  due  to  external  disturbance  indicates  that  the  JQ  of  the  control 
gyro  should  be  preserved  when  selecting  a  control  gyro  speed  and  polar 
inertia.  This  is  equivalent  to  saying  that  the  control  gyro  JQ  =  J 
where  the  terms  on  the  .left  pertain  to  the  rotor  speed  gyro  and  the  terms 
on  the  right  pertain  to  the  high-speed  gyro  system.  This  is  seen  most 
easily  f,.*om  the  pilot  side  of  the  system;  however,  the  rotor  disturbance 
case  can  be  simplified  as  follows. 

Given  an  external  moment  acting  to  precess  the  main  rotor-,  the  blade  sweep 
is  then  acting  to  precess  the  gyro.  This  feedback  results  in  an  automatic 
adjustment  of  cyclic  pitch  to  alleviate  the  moment.  The  precession  rate 
of  the  gyro  is  inversely  proportional  to  its  angular  momentum.  Therefore, 
the  basic  control  input  must  be  increased  as  JQ  ip  increased  and  the  sweep 
angle  (feedback)  must  also  be  increased  to  maintain  a  balance.  The  data 
presented  in  Appendix  II  .show  that  the  gyre  stiffness  (i.e. ,  JCr)  is  most 
important  for  the  high  aavance  ratio  case .  Preservation  of  JQ  =  JjjQfcj 
clearly  benefits  the  stiffness  when  the  fyro  is  operated  at  high  speed, 
since  the  stiffness  increases  by  the  rat  o  .  Therefore ,  a  favorable 
balance  between  pilot  effort  and  blade  sweep  results  while  obtaining  tse 
benefits  of  the  large  stiffness  of  the  high-speed  gyro. 

Maintenance  of  Jjptj  while  varying  the  main  rotor  rpm  affects  the  basic 
relationships  described  relative  to  gyre  angular  momentum,  but  to  a  second- 
order  degree;  i.e.,  75%  rotor  speed  would  appear  approximately  as  a  4/3 
larger  gyro  angular  momentum  when  viewed  from  the  rotor.  The  rpm  level 
below  which  a  rotor  speed  gyro  is  no  longer  practical  is  between  50%  and 
75%  normal  rotor  rpm. 

The  high-speed  control  gyro  is  also  characterized  by  a  very  high  nutation 
frequency.  Thus,  the  swashpiate  damping  required  to  stabilize  the  2P 
nutation  mode  of  the  high-speed  control  gyro  is  reduced  to  a  small  frac¬ 
tion  cf  that  required  for  the  rotor  speed  gyro. 

Reference  5  reports  on  the  background  experience  in  slowed-  ana  stopped- 
rotor  technology  which  is  used  for  the  lower  rpm  range.  A  summary  of  pre¬ 
vious  model  test  experience  in  slowed-rotor  and  high-speed  gyro  technology 
is  presented  in  Appendix  II. 
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DYNAMICS  OF  FLAPPING  MOTION 

The  flapping  equation  of  motion  (Reference  6)  is  expressed  as  follows: 

|  p+S2pc(4>)  +«2P[k0  +  kW)]  =n2  2f(4 >) 

k 

where  the  terns  have  all  been  divided  by  R  CaP/g. 

This  equation  represents  a  forced  single-degree-of -freedom  system  with 
periodically  (but  not  harmonically)  varying  coefficients;  i.e.,  it  is  a 
typical  Hill-type  equation.  Kq  represents  a  combined  structural  and 
centrifugal  stiffness,  the  latter  being  highly  dependent  on  rotor  inertia 
(e.g. ,  tip  weights). 

Figure  6  shows  the  variation  of  aerodynamic  stiffness  around  the  azimuth 
as  a  function  of  advance  ratio,  p. .  As  can  be  noted  in  Figure  6,  for 
F>0  the  aerodynamic  stiffness  assumes  a  negative  value  in  the  azimuth 
region  90  <  4*  <  270  degrees.  Since  Kq  is  always  positive,  its  value  will 
determine  whether  a  net  negative  stiffness  is  experienced  by  the  system  in 
some  azimuth  region. 

A  very  conservative  criterion  is  afforded  by  the  requirement  that 
Kq  +  K(*j»)>0  be  established  for  stability.  Figure  7  shows  the  variation 
of  Eq  at  various  rpm  for  an  unmodified  XH-51A  blade  and  the  effect  of  tip 
weights  on  this  rotor.  The  curves  on  this  figure  are  obtained  from  the 
evaluation  of  the  first  flapwise  mode  of  the  blades.  The  variation  of  the 
ratio  of  the  first  flapping  frequency  to  rotor-  rotational  speed  as  a  func¬ 
tion  of  percent  of  rotor  speed  for  three  tip  weights  (0,  10,  and  20  pounds) 
is  jhcwn  in  Figure  8.  These  data  indicate  that  for  operation  of  this  ret  or 
at  5QJd  rpm  with  a  20-pound  tip  weight,  a  structural  flapwise  stiffness 
increase  of  53 %  is  required.  This  increase  wculd  be  located  principally 
in  the  hub  and  inboard  end  of  the  blade. 

ROTOR  NATURAL  FREQUENCIES 

Statural  frequencies  and  mode  shapes  are  computed  for  various  rotor  speeds 
from  50 %  to  100 £  normal  rotor  rpm  using  the  mass  and  stiffness  properties 
described  in  Figure  9*  The  variation  of  the  natural  frequencies  with 
rotor  rpm  at  two  different  collective  set+ings  of  the  main  rotor  blade  is 
shown  in  Figure  10.  Between  15%  and  100^  rotor  rpm,  the  natural  frequen¬ 
cies  of  the  lower  modes  of  vibration  are  well  separated  from  the  harmonics 
of  rotor  rpm  (with  the  usual  exception  of  the  first  normal  bending  mode, 
which,  approximates  the  frequency  of  the  first  harmonic;  this  mode  is 
strongly  duped). 

Natural  frequencies  of  the  tail  rotor  are  shown  in  Figure  11.  Ibe  tail 
rotor  is  a  teetering  two-bladed  system,  which  requires  the  investigation 
of  both  the  collective  and  the  cyclic  modes .  The  collective  modes  (sym¬ 
metric  normal  bending,  antisymmetric  in-plane  banding)  are  excited  at  the 


Figure  6,  Effect  of  Advance  Ratio  on  Aerodynamic  Spring  Rate. 
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Figure  7.  Variation  of  Kq  with  Tip  Weight,  XH-51A  Fotor. 
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Figure  3,  '  Variation  of  XH-51A  Rotor  First  Flapwise 
Frequency  with  Tip  Weight. 
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even  harmonic  frequencies,  shown  by  heavy  lines.  The  cyclic  modes  (anti¬ 
symmetric  normal  bending,  symmetric  in-plane  bending)  are  excited  by  the 
odd  harmonic  frequencies,  shown  by  the  thin  lines  in  the  figure.  At  nor¬ 
mal  rotor  speed  (2095  rpm),  the  natural  frequencies  of  the  rotor  are  well 
separated  from  the  exciting  harmonics  at  all  collective  angles.  At  1% 
normal  rotor  speed,  the  tail  rotor  is  operated  at  low  collective  angles; 
therefore,  the  second  cyclic  normal  bending  mode  will  not  coincide  with  the 
third  harmonic. 

The  operation  of  a  50“£  rpm  rotor  system  necessitates  further  tailoring 
of  main  and  tail  rotor  natural  frequencies.  Due  to  the  extreme  range  of 
rpm  variation  in  this  case,  it  would  be  impossible  to  design  a  system 
completely  devoid  of  resonance  conditions  over  the  entire  range.  There¬ 
fore,  at  some  moderate  flight  speed,  the  range  of  rpm  where  resonances 
occur  must  be  passed  through  rapidly  in  order  to  avoid  high  vibrations  and 
loads. 


1P-2P  INSTABILITY 

A  phenomenon  described  as  a  1P-2P  instability  has  been  experienced  in  gyro- 
controlled  rigid-rotor  operation.  The  phenomenon  occurs  at  flight  condi¬ 
tions  where  high  hub  moments  requiring  large  blade  flapping  deflections 
must  be  generated.  High  blade  flapping  deflections  cause  a  2P  in-plane 
excitation  due  to  Coriolis  forces.  Flapping  deflections  feeding  back  as 
a  moment  on  the  control  gyro  through  forward  blade  sweep  tend  to  stabilize 
the  hub  moment.  The  2P  in-plane  response  of  the  rotor  creates  a  moment 
opposing  the  stabilizing  feedback.  When  this  destabilizing  moment  becomes 
dominant,  the  rotor  becomes  unstable.  The  magnitude  of  hub  moment  at  which 
the  mode  becomes  unstable  is  dependent  on  rpm  and  is  a  minimum  for  the  rpm 
at  which  the  first  in-plane  natural  frequency  is  2P. 

The  response  to  this  instability  builds  up  slowly  enough  that  the  pilot  has 
no  problem  controlling  the  rotor  as  long  as  he  is  given  the  cues  to  know 
that  it  is  developing.  Any  increase  of  moment  in  flight  results  in  motion 
of  the  vehicle  for  which  the  pilot  can  correct.  In  this  respect,  the  phe¬ 
nomenon  can  be  compared  to  an  unstable  phugoid  or  spiral  mode  which  is  not 
a  problem  to  the  pilot  as  long  as  he  is  provided  with  reasonable  cues. 

The  possibility  of  exciting  the  unstable  1P-2P  divergence  exists  in  slow¬ 
ing  the  rotor  from  7516  to  5016  rpm,  if  at  the  same  time  a  large  hub  moment 
is  required  for  trim.  In  addition  to  reducing  rpm  quickly  to  avoid  opera¬ 
tion  at  resonance  of  the  first  in-plane  mode,  it  will  be  desirable  to  be 
operating  at  as  low  a  hub  moment  as  possible.  In-plane  natural  frequencies 
for  the  5016  rpm  rotor  system  will  be  tailored  to  avoid  1P-2P  instability. 
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ROTOR  CONTROL 


In  previous  flight  progi  &m/i ,  the  only  control  problem  which  has  been 
encountered  has  been  a  right-hand  stick  displacement  for  trim.  This  dis¬ 
placement  is  required  to  balance  a  gyro  moment  caused  by  the  feedback 
of  a  steady  feathering  moment  due  to  the  one-per-revolution  high  local 
drag  acting  on  the  underconed  advancing  blade  at  low  lift.  However,  this 
stick  displacement  is  small,  and  sufficient  travel  remained  for  adequate 
control  margin. 

The  primary  concerns  with  the  control  of  a  slowed- rotor  compound  are 
(l)  the  possible  need  for  a  phase  shift  of  control  with  rpm  reduction  due 
to  variation  in  cross  coupling,  end  (2)  the  possible  need  for  auxiliary 
fixed-wing-type  control  surfaces  to  supplement  the  available  rotor  hub 
moment  at  reduced  rpm.  The  digital  computer  simulation  described  in 
Appendix  I  is  used  to  evaluate  main  rotor  control  cross  coupling  and 
capability  at  low  rpm.  In  this  section  the  results  of  a  study  of  slowed- 
rotor  control  cross  coupling  and  control  capability  are  presented. 

CONTROL  AT  REDUCED  REM 


In  evaluating  control  cross  coupling  and  capability,  the  parameters  x  and 
y,  normalized  stick  displacements,  are  used  in  lieu  of  xcg  and  ycs,  actual 
stick  displacements,  for  two  reasons:  first,  the  functions  p/y,  q/x,  etc., 
are  dimensionless;  second,  these  functions  do  not  reflect  a  specific  value 
for  either  KxCS  or  KyCS,  dimensionless  control  moment  spring  constants. 
Eliminating  the  effect  of  these  spring  constants  on  the  results  allows 
the  curves  to  be  used  sis  design  tools  in  determining  values  for  the  con¬ 
trol  system  spring  constants. 

The  functions 

(H  ■  (¥)  •  (H  •  “d  (i$ 

are  plotted  in  Figures  12  through  17.  Dividing  the  basic  functions  ... 
by  the  rotor  speed  ratio  allows  changing  rotor  speed  to  affect  the  x 
amplitudes  of  the  curves  as  well  as  the  timing  of  them.  Since  the  charac¬ 
ter  of  these  responses  is  the  same  for  various  blade  tip  weights  and  rotor 
gyro  inertias,  all  of  the  data  presented  in  Figures  12  through  17  are  for 
a  tip  weight  of  1*5  pounds  and  a  gyro  inertia  of  17. 5  slug-ft*.  The  re¬ 
sponse  characteristics  are  not  particularly  sensitive  to  moderate  varia¬ 
tions  about  these  values. 

In  general,  the  final  amplitudes  of  the  functions 

(H  “^1 
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Figure  12.  Pitch  and  Roll  Control  Sensitivity  at  250  Knots 
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Figure  13.  Cross  Coupling  at  250  Knots. 
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Flgvu  »  16.  Pitch  and  RojJ  Control  Sensitivity  at  350  Knots. 
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at  a  given  flight  speed  vary  as  a  function  of  the  inverse  of  the  rotor  speed, 
ft  .  For  example,  final  amplitude  of  the  50^  rpm  curve  of  Figure  14  is  near¬ 
ly  twice  that  of  the  100^  rpm  curve.  One  nay  expect  these  amplitudes  to 
ratio  exactly  with  l/n .  However,  since  changing  ft  slightly  affects  cross 
coupling  (e.g.,  p/q*  vs.  tine  for  an  X  input),  response  is  traded  between 
pitch  and  roll  in  varying  amounts  as  ft  changes,  This  effect  accounts  for 
any  deviation  of  final  amplitudes  from  exact  proportions  of  1/ft  . 

The  following  conclusions  on  the  sensitivity  of  handling  qualities  to  rotor 
rpm  and  flight  speed  are  based  on  the  response  functions  shown  in  Figures 
12  through  17  and  on  characteristics  of  existing  helicopters. 

1.  The  rigid-rotor  system  has  intrinsic  qualities  of  high-frequency, 
short-period,  pitch  and  roll  modes  with  high  damping.  The  high- 
frequency  (fast-response),  highly  damped  characteristic  can  be 
closely  matched,  as  in  the  XH-51A,  tc  the  pilot’s  response.  Pre¬ 
cision  rate  control  may  be  achieved  in  response  times  (63^  of  time 
to  maximum  amplitude)  of  0.5  second  or  less.  Conventional  helicop¬ 
ters  display  low  damping,  and  angular  rate  results  from  a  basic  con¬ 
trol  input  followed  by  a  control  adjustment  to  minimize  overshoot. 
The  response  time  to  stabilize  at  a  desired  angular  rate  is  from  2 
to  5  seconds.  Figure  18  illustrates  hear  the  two  types  of  response 
match  stick  pulse  inputs  in  hover.  Simulation  results  show  that 
the  slowed-rotor  vehicle  can  be  adequately  responsive  au  the  rotor 
and  flight  speeds  of  interest.  It  is  concluded  that  no  additional 
control  surfaces  will  be  required  to  augment  the  rotor’s  cyclic 
control  capabilities  at  rpm  reductions  down  to  50^. 

2.  Cross  coupling  is  not  being  altered  enough  by  varying  flight  con¬ 
ditions  to  warrant  compensation  with  special  adaptive  servo  sys¬ 
tems.  This  Judgement  is  made  after  considering  the  cross-coupling 
levels  encountered  by  pilots  flying  the  XH-51A  compound  helicopter. 
The  pilots  are  able  to  fly  the  aircraft  safely  with  levels  of 
coupling  higher  than  those  computed  for  the  50$  rpm  system.  Flight 
test  experience  with  the  XH-51A.  in  the  high-speed  regions  (see 
Reference  3)  indicates  that  the  cross-coupling  effects  were  depen¬ 
dent  on,  and  inversely  proportional  to,  the  degree  of  control 
sensitivity.  This  is  a  controlled  variable  in  the  XK-51A.  control 
system  and  is  adjusted  by  modifying  hydraulic  boost  gain. 

3.  The  vehicle  becomes  somewhat  more  amplitude-sensitive  (considering 
ultimate  response  anplitude  per  unit  of  control  input)  with 
decreasing  rotor  speed.  The  sensitivity  is  not  a  strong  function 
of  airspeed.  As  discussed  above,  the  amplitudes  of  Figures  12 
through  1?  do  not  reflect  the  control  spring  constants  K^g  and 
XyCS.  These  spring  coefficients  directly  effect  the  amplitude 
sensitivity  of  the  vehicle,  and  their  values  can  be  determined  in 
a  final  design  process  to  provide  a  compromise  between  the  sensi¬ 
tivities  at  Minimum  and  maximum  rotor  speeds. 
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ROTOR  LOADS 


The  critical  loading  conditions  for  the  rotor  throughout  the  speed  range 
are  analyzed;  the  effect  on  loads  of  twist,  coning  angle  and  droop  are 
assessed;  and  fatigue  data  are  presented.  The  basic  loads  data  are  gener¬ 
ated  by  the  method  indicated  in  Appendix  I  using  the  blade  characteristics 
presented  in  Figure  9. 

DESIGH  LOADING  CONDITIONS 


Limit  design  loads  on  the  main  rotor  are  developed  for  11  flight  conditions 
following  the  rotor  thrust  capability  diagram  of  Figure  19 •  Each  of  the 
circled  numbers  identifies  a  potential  critical  loading  condition  in  the 
flight,  envelope  which  must  be  analyzed  to  determine  the  limit  design 
loads.  The  high-speed  loading  conditions  are  evaluated  at  various 
reduced  rotor  speeds  to  provide  a  range  of  data  to  cover  any  selected 
rotor  speed. 

In  addition  to  the  limit  design  load  conditions  1  through  11,  other  loading 
conditions  for  fatigue  analysis  are  investigated.  At  the  lower  speeds,  the 
collective  control  angle  is  used  to  obtain  the  rotor  thrust  specified.  At 
the  higher  speeds  (conditions  21  through  24  of  Table  II),  the  collective 
control  angle  is  maintained  at  3  degrees  and  the  rotor  angle  of  attach 
ia  determined  by  the  assigned  vehicle  load  factor. 

A  summary  of  the  loading  conditions  is  given  in  Table  H. 

Condition  1  is  a  synmetrical  hovering  pull-up  with  maximum  rotor  thrust. 
Analysis  shows  that  the  maximum  rotor  thrust  is  obtained  with  a  collective 
control  angle  of  23-4  degrees.  Since  this  is  beyond,  the  physical  capability 
of  the  control  system,  the  calculated  loads  are  considered  to  be  conserva¬ 
tive.  Furthermore,  the  torque  required  to  maintain  this  condition  is  con¬ 
siderably  larger  than  the  torque  which  can  be  delivered  by  any  turboshaft 
engines  considered  for  the  aircraft.  Therefore,  the  computed  in-plane 
bending  moments  are  conservative.  The  values  of  bending  and  torsion  mo¬ 
ments  vs.  blade  span  are  shown  in  Figure  20.  (Since  this  is  a  symmetrical 
condition,  the  loads  are  constant  around  the  azimuth. ) 

Condition  2  is  a  low-speed  (60  knots)  pitching  pull-up  with  maximum  rotor 
thrust.  The  maxiimjm  rotor  thrust  at  this  speed  is  obtained  with  a  collec¬ 
tive  control  angle  of  17. 3  degrees.  Again  the  rotor  torque  required  to 
maintain  this  condition  is  higher  than  the  availeble  torque,  indicating 
that  the  loads  are  conservative. 

At  forward  speeds  above  64  knots,  the  limit  structural  design  envelope  loads 
are  determined  by  retreating  blade  stall.  In  these  conditions,  the  maximum 
rotor  thrust  on  the  retreating  side  of  the  rotor  disc  is  limited  to  a  low 
value  due  to  blade  stall  and  a  relatively  low  value  of  dynamic  pressure, 
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while  the  thrust  on  the  advancing  side  is  determined  by  roll  moment 
equilibrium. 


The  pitch  rate  q’  which  is  developed  in  accelerated  forward  flight  can  be 
related  to  the  vertical  acceleration  rij,: 

q  -  (nz  -  1)^ 


where  g  is  the  acceleration  of  gravity  and  V  is  the  forward  speed.  Figure 
21  shows  a  comparison  of  the  theoretical  pitch  velocity  and  the  measure¬ 
ments  for  the  test  conditions  o:.'  Reference  8.  The  theoretical  pitch  rate 
computed  from  the  vehicle  load  factor  can  be  regarded  as  an  upper  limit . 

A  positive  pitch  rate  (such  as  that  in  a  pull-up)  results  in  a  gyroscopic 
moment  on  the  rotor,  which  is  relieved  by  aerodynamic  forces.  This 
requires  additional  rotor  thrust  on  the  advancing  side  of  the  rotor  disc 
and  increases  the  total  rotor  thrust.  The  maximum  rotor  thrust  is  devel¬ 
oped  in  a  condition  which  has  the  highest  pitch  velocity  (i.e.»  the  highest 
vehicle  load  factor)  and  the  maximum  cyclic  control  angle  (12  degrees). 

In  Conditions  3  through  11,  the  rotor  shaft  angle  of  attack  is  determined 
by  the  vehicle  load  factor  and  the  estimated  rotor  thrust.  The  sine 
component  of  the  cylic  control  angle  is  set  at  -12  degrees.  The  collec¬ 
tive  control  angle  and  the  cosir*  component  of  the  cyclic  control  angle  ere 
determined  from  the  shaft  rail  aad  pitch  moment. 

The  moat  conservative  phasing  of  the  net  shaft  moment,  in  combination  with 
the  blade  loads  computed  for  zero  shaft  moment,  is  the  phasing  which  fol¬ 
lows  from  the  aft  c.g.  position.  The  magnitude  of  these  pitching  moments 
is  taken  as  25,000  inch-pounds  times  the  vehicle  load  factor.  The  maximum 
and  minimum  bending  and  torsion  moments  vs.  blade  span  are  shown  in  Fig¬ 
ures  22  through  31. 

A  sample  of  the  variation  of  bending  moments  over  the  azimuth  is  shown  in 
Figure  32. 

EFFECT  CF  TWIST,  C.OHIHG  ANGLE,  AND  EaOOP 

Figure  33  shows  the  effect  of  blade  twist  on  cyclic  normal  bending  moments 
at  a  given  rotor  thrust  level.  The  data  presented  in  this  figure  are 
based  on  linear  theory.  At  the  higher  speeds  and  high  rotor  loads,  the 
change  in  cyclic  bending  moment  due  to  a  change  in  built-in  twist  is  of 
the  order  of  1%  per  degree. 

A  more  complete  analysis  made  for  the  design  conditions  3,  7,  and  10  by 
repeating  the  analysis  for  maximum  rotor  thrust  without  the  built-in  twist 
shows  that  a  small  increment  of  maximum  rotor  thrust  is  obtained  by  twist¬ 
ing  the  blades  (Table  III). 
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Figure  22.  Spanwise  Moment  Envelope,  Condition  2. 
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TABLE  III.  EFFECT  OF  TWIST  ON  LOADS 


Condition 

Maximum  Rotor  Thrust  (lb) 

Ho  Twist 

-5  Deg  Twist 

3 

5770 

6137 

7 

2156 

2719 

10 

749 

1269 

normal  and  chordwi se  bending  moments  are  compared  in  Figures  34  through 
36.  The  effect  of  change  in  coning  angle  and  droop  angle  is  shewn  in 
Figure  37.  At  maximum  rotor  thrust  essentially  the  same  bending  moments 
are  obtained. 

FATIGUE  ANALYSIS 

The  spectrum  of  loading  conditions  vised  in  determining  the  main  rotor 
fatigue  loading  for  analyses  is  shown  in  Table  IV.  The  spectrum  of  stresses 
obtained  from  the  fatigue  loading  spectrum  is  shown  in  Figure  38  for  the 
hub  ot  Rotor  Station  5-0.  Cumulative  fatigue  damage  calculations  for  an 
XH-51A-type  rotor  hub  subjected  to  this  stress  spectrum  indicate  negligible 
damage.  To  provide  a  base  for  further  evaluating  the  cyclic  stress  envi¬ 
ronment,  reference  is  made  to  the  stress  spectrum  of  the  hub  of  the  Lock¬ 
heed  Model  286  helicopter.  This  aircraft  is  a  connercial  version  of  the 
XB-51A  helicopter.  The  stress  spectrum  to  which  the  Model  286  hub  was 
subjected  in  its  certification  fatigue  test  is  compared  with  the  XH-51A- 
type  hub  stress  spectrum  in  Figure  38.  This  comparision  shows  that  the 
cyclic  stress  environment  for  the  Model  286  hub  is  much  more  severe  than 
that  anticipated  for  the  bub  in  this  design  model. 
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Figure  36.  Effect  of  Blade  Twist,  Figure  37.  Effect  of  Blade  Coning 
Condition  10.  Angle  and  Droop, 

Condition  10. 
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TABLE  IV. 


PECTRUM  OF  FATIGUE  LOADING  CONDITIONS 


Aircraft 

Operation 

Number 

of 

Events 

Time  per 
Event 
(sec) 

Total 

Time 

(min) 

Condition 

(See 

Table  II) 

Ground  Checkout 

On-Off 

J- vvy 

- 

- 

0-13-0 

Steady  Run 

' 

- 

300 

13 

TLe-Down  Testing 

On-Off 

100 

- 

- 

0-13-0 

On-Off 

50 

- 

- 

0-12-0 

Steady  Run 

- 

- 

1200 

13 

Steady  Run 

- 

- 

300 

12 

Cyclic  Control  Input 

20 

6 

2 

12 

Flight  Test 

On-Off  Ground  Ru*is 

300 

- 

- 

A-12-0 

On-Off  Ground  Runs 

300 

- 

- 

.,-13-0 

Takeoff 

300 

3 

15 

12 

Landing 

300 

3 

15 

12 

Hover 

600 

15 

15C 

12 

Transition 

300 

15 

75 

lk 

Climb  (Incl  Maneuvers) 

900 

15 

225 

15 

Steady  Run,  64  Knots 

- 

- 

618 

14 

Maneuvers,  64  Knots 

UOO 

6 

40 

15 

Steady  Run,  120  Knots 

- 

- 

48o 

16 

Maneuvers,  120  Knots 

400 

6 

kc 

17 

Steady  Run,  180  Knots 

- 

- 

3oC 

18 

Maneuvers,  l80  Knots 

L'OO 

6 

).  'A 

19 

Steady  Run,  24o  Knots 

- 

- 

6oo 

20 

Maneuvers,  260  Knots 

Leo 

6 

LO 

23 

Maneuvers,  2o0  Knots 

200 

6 

20 

22 

Steady  Run,  300  Knots 

- 

- 

120 

~  y, 

Steady  Run,  320  Knots 

L 

10 

25 
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Figure  38.  Fatigue  Spectrum  Comparison. 


PERFORMANCE 

A  surmary  of  performance  data  is  presented  and  its  impact  on  aircraft 
design  requirements  discussed.  The  impact  of  rotor  tip  speed,  airfoil 
section  thickness  and  camber  distribution,  and  blade  twist  on  rotor  per¬ 
formance  is  evaluated.  Data  generated  in  performing  a  study  to  determine 
the  effects  of  various  design  parameters  on  the  hover  and  high-speed  per¬ 
formance  characteristics  of  the  XH-51A  compound  helicopter  are  found  in 
Appendix  III. 

DESIGH  POINT  PERFORMANCE  AT  HIGH  SPEED 


The  XH-51A  compound  helicopter  requires  little  power  to  overcome  rotor 
drag  and  torque.  Therefore,  main  rotor  power  requirements  are  not  the 
limitation  on  vehicle  performance  at  high  speed.  Rotor  performance  with 
appropriate  blade  geometry  for  each  of  two  levels  of  rpm  reduction  (50^ 
and  75^  rpm)  is  presented  in  Table  V.  The  required  energy  for  overcoming 
blade  drag  and  tcrque,  at  eacn  rpm  level,  is  resolved  to  an  equivalent  drag 
at  the  flight  speed  so  that  the  total  energy  requirements  may  be  compared 
on  a  common  basis.  At  3 00  knots,  the  difference  in  energy  required  for 
the  rotors  operating  at  these  two  levels  of  rpm  is  not  sufficient  to 
select  one  over  the  other  without  considering  other  aspects  of  the  design 
requirements . 

Since  the  power  requirement  for  the  rotor  at  low  rpm  and  high  speed  is 
not  the  first  limit  on  performance,  the  principal  aspect  of  blade  airfoil 
geosae+ry  selection  now  becomes  that  of  alleviating  compressible  flow  con¬ 
ditions  which  induce  high  oscillatory  loads,  a  high  vibration  level  and 
a  feedback  feathering  moment  to  the  gyro.  However,  this  geometry  selec¬ 
tion  must  be  optimized  with  the  requirements  for  hover  performance. 


PERFORMANCE  COMPARISONS 


Data  from  the  nondiaensional  hover  characteristics  of  Cj/a  vs.  Cp of 
Figures  ^3  and  Uh  in  Appendix  III  are  extracted  and  tabulated  In  dimen¬ 
sional  form  in  Table  VI.  These  data  provide  a  comparison  to  indicate 
trends  and  are  simply  made  on  the  basis  of  an  Isolated  rotor.  This  com¬ 
parison,  therefore,  excludes  the  effects  of  engine  and  transmission  losses, 
antitorque  power,  and  aerodynamic  download  on  the  airframe.  The  basic 
blade  geometry  of  the  existing  XK-pIA  compound  is  used  for  a  reference  base. 
This  blade  has  a  constant  KACA  0012  airfoil  section  and  includes  a  twist 
of  -5  degree c.  The  comparison  is  made  on  the  basis  of  626  horsepower  to 
the  isolated  rotor  at  standard  sea  level  and  at  5000  feet  and  90°r .  The 
blade  geometric  properties  and  corresponding  hover  lifts  are  noted  in 
Table  VI. 
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TABLE  V.  DESIGN  POINT  PERFORMANCE  CGMFARTSGN 


Velocity: 

Altitude : 

Temperature : 

300  Knots 

Sea  Level 

Standard  (5C°F) 

%  Normal 

Rotor  RPM 

50£ 

1% 

Gyro-.eotor  speed  ratio,  N_/H_ 

vr  R 

40 

1 

J,  slug-ft2 

0-9 

17-25 

Rotor  blade  geometry: 

0.  deg 

X9 

-5 

-5 

t/c 

0.12 

0.12 

Cfi 

0 

0 

Drag  of  aircraft  minus  blades,  lb 

3051 

3051 

Rotor  blade  drag,  lb 

140 

204 

Aircraft  drag,  lb 

3191 

3255 

Rotor  shaft  power,  hp 

31 

130 

Equivalent  drag  of  shaft  power,  lb 

3^ 

l4l 

Total  equivalent  blade  drag,  lb 

174 

3^5 

Total  equivalent  drag,  lb 

3225 

3396 

(Blade  drag/aircraft  drag),  f> 

4.39 

6.97 

(Total  equivalent  blade  drag/ 

total  equivalent  drag),  f 

5-39 

10.02 

The  first  conpar  ison  shows  the  effect  of  twist  at  constant  airfoil  geometry. 
The  reference  blade  with  -5  degrees  of  twist  shows  a  lift  of  170  to  180 
pounds  mere  than  that  without  twist  and  130  to  iLo  pounds  less  than  that 
for  -10  degrees  of  twist  when  compared  at  the  two  altitude  and  temperature 
conditions.  A  study  of  loads  over  the  required  flight  spectrum  in  the 
Rotor  Loads  section  of  this  report  shows  an  increase  of  only  1  in  blade 
loads  for  -5  degrees  twist  when  compared  with  the  loads  on  a  blade  of  no 
twist.  As  the  amount  of  twist  increases  more  than  5  degrees,  blade  loads 
increase  too  rapidly  to  warrant  application  of  the  additional  twist.  A 
comparison  of  Figures  63,  6L,  and  65  with  Figures  L7,  52,  and  57  in  Ap¬ 
pendix  III  indicates  that  there  is  no  discernible  difference  in  perform¬ 
ance  at  the  high-speed  forward- flight  condition  due  to  -5  degrees  of  twist. 
Therefore,  the  -5  degrees  of  twist  which  provides  an  increase  in  hover 
performance  without  a  significant  penalty  at  other  conditions  is  recom¬ 
mended  for  use. 

The  second  comparison  is  made  to  evaluate  the  decrease  in  lift  due  to  the 
use  of  thinner  blade  tip  sections  in  the  case  of  the  75*36  rotor  rpm  reduc¬ 
tion  design.  All  of  these  blades,  with  -5  degrees  of  twist,  are  compared 
with  the  reference  12^6  constant  section  blade  having  no  camber.  The  blades 
which  have  thin  tip  sections  without  the  addition  of  camber  show  the  great¬ 
est  losses  in  hover  lift,  and  the  loss  is  more  severe  for  the  hot- day  alti¬ 
tude  condition.  Of  the  two  blades  without  camber,  the  one  which  is  tapered 
in  thickness  along  the  entire  radius  snows  the  poorest  hover  performance. 
The  use  of  camber  in  the  sections  which  are  reduced  in  thickness  provides 
a  reasonable  recovery  in  performance  for  both  types  of  tapered  thickness 
blades.  Camber  is  reduced  toward  the  tip  to  obtain  as  much  benefit  as 
possible  without  precipitating  adverse  compressibility  effects  with  hign 
advancing  tip  Mach  number. 

The  portion  of  the  blade  radius  to  which  tapered  thickness  and  compensating 
camber  are  used  is,  in  part,  dependent  on  the  blade  fabrication  process. 

The  linear  variation  from  root  to  tip  is  mere  suited  to  quantity  metal 
blade  production  techniques.  The  outboard  use  of  tapered  thickness  and 
compensating  camber  may  be  suited  to  the  modification  of  an  existing  con¬ 
stant  section  design.  Both  can  be  tailored  to  work  nearly  as  well  for  the 
same  high-speed  and  hover  design  requirements. 

Although  it  is  not  required  far  the  300-knot  speed  objective,  a  thin  tip 
section  may  be  used  to  alleviate  conpreseibility  effects  with  increased 
margins  in  the  case  of  the  75 %  rpm  design;  in  that  event,  compensating 
camber  is  recommended  for  recovering  hover  performance.  For  the  50)6  rpm 
design,  a  constant  12*36  symmetrical  airfoil  as  used  on  the  current  XH-51A 
rotor  blades  could  be  used  on  the  basis  of  aerodynamic  considerations. 
However,  dynamic  considerations  covered  in  the  section  on  Rotor  Dynamics 
and  Aeroelastic  Stability  show  that  increased  structural  flspwise  and 
torsional  stiffness  is  required  for  operation  at  this  reduced  ipm  level. 

For  flight  speeds  which  exceed  300  knots,  i.e.,  325  to  350  knots,  the 
increase  in  advancing  tip  Mach  number  again  introduces  the  consideration 
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of  tapered  thickness  blades  with  thin  tip  sections  for  the  50&  rpm  sys¬ 
tem.  Conpensating  camber  diminishing  toward  the  tip  is  again  reconuended 
for  blades  with  this  type  of  thickness  distribution. 
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CONCLUSIONS  AND  RfiCOMMENDAT IONS 


CONCLUSIONS 


Proper  selection  of  rotor  design  parameters  for  slowed-rotor  operation  will 
remove  flight  Units  previously  encountered  with  the  XH-51A  compound  heli¬ 
copter.  Analysis,  simulation,  and  conservative  extrapolation  of  previous 
test  results  show  that  an  XH-51A-type  rigid-rotor  confound  helicopter  can 
be  flown  at  speeds  tg>  to  300  toots.  Ihe  primary  goal  in  slewing  the  rotor 
is  to  eliminate  vibration  due  t-o  conpressibility  effects  on  the  advancing 
blade  at  high  speed,  although  a  decrease  in  cruise  power  required  at  mod* 
erate  speeds  is  also  realized. 

The  results  of  the  study  shew  that: 

1.  Slowing  the  rotor  to  rpm  will  provide  a  speed  capability  of 
300  toots  without  encountering  undesirable  compressibility  effects. 

•  The  onset  of  compressibility  effects  occurs  at  an  advancing  tip 
Mach  madder  of  0.91.  Operation  at  3 CO  toots  at  75^  rpm  cor¬ 
responds  to  an  advancing  tip  Mach  chamber  of  O.891. 

•  The  75^>  rpm  rotor  system  includes  increases  in  swasbplate 
damping,  gyro  inertia,  and  blade  tip  weight  to  maintain  rotor 
stability  at  reduced  rpm  with  a  1:1  gyro-rotor  rpm  ratio. 

•  Rotor  frequencies  sre  placed  to  avoid  proximity  to  integer 
valves  in  toe  design  rpm  range .  Operation  at  almost  any  rpm 
within  the  design  range  consistent  with  an  acceptable  advanc¬ 
ing  tip  Mach  number  is  feasible. 

2.  Slowing  the  rotor  to  50J t  rpm  provides  larger  operating  margins  be¬ 
fore  the  onset  of  cocpressibility  effects  at  300  toots  and  a 
potential  for  speed  increase  to  between  325  and  350  toots. 

•  The  50jt  rpm  rotor  system  mates  frequency  placement  mare  dif¬ 
ficult  due  to  the  large  magnitude  of  operational  rpm  change. 

It  requires  that  the  rotor  rpm  pass  rapidly  through  a  resonant 
frequency  range  at  a  low  or  moderate  flight  speed. 

•  The  50J&  rpa  rotor  system  includes  increased  blade  structural 
flapwise  and  torsional  stiffness  and  a  high-speed  gyro  to 
provide  rotor  blade  stability  at  5 Of,  rpm  and  compatible  gyro- 
rotor  precession  rates  with  a  reasonable  gyro  size. 
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3.  For  both  systems: 

•  A  st  Iff -mounted  transmission  is  required. 

•  Increased  operating  margins  before  the  onset  of  compressibility 
can  be  obtained  by  reducing  section  thickness  near  the  blade 
tip.  However,  when  blade  thickness  taper  is  used,  camber  must 
be  added  to  the  blade  section  to  minimize  losses  in  hover  per* 
formance  resulting  from  the  use  of  thin  blade  sections. 

RECOMMENDATIONS 


A  research  flight  test  program  should  be  conducted  to  confirm  and  supple¬ 
ment  the  analytical  predictions  with  experimental  data. 
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APPENDIX  I 


METHODS  OF  ANALYSIS 


Test -baaed  analytical  methods  are  used  to  identify  parameters  critical  tc 
300-knot  flight  speeds  and  to  indicate  values  of  thooe  parame+ers  vfcich 
Bust  be  applied  in  achieving  these  speeds.  The  analyses  selected  for 
evaluation  of  the  various  aspects  of  this  high-speed  regime  have  been 
developed  and  correlated  with  prior  high-speed  flight  experience  and  test 
results.  This  section  contains  a  brief  description  of  these  methods  as 
tlsqr  relate  to  this  study. 

KOTOR  PERFORMANCE 


Both  the  hcver  performance  and  the  f orward -flight  performance  analyses 
employed  in  producing  the  rotor  performance  charts  in  Appendix  III  are  of 
the  numerical  iterative  type.  They  utilize  two-dimensional  data  for  air¬ 
foils  with  HACA  four-digit  basic  thickness  farm.  The  mean  lines  of  these 
airfoils  are  of  the  far-forward  camber-type,  five-digit  series  with  maxi¬ 
mum  camber  at  the  15%  chord  station.  The  thinner  sections  of  this  family, 
when  combined  with  a  mean  line  which  would  produce  a  concave  lower  stir- 
face,  are  modified  in  the  nose  region  to  eliminate  any  concavity.  Hose 
thickness  is  appropriately  increased  above  and  below  the  mean  line  to 
avoid  an  adverse  pressure  gradient  at  negative  angles  cf  attack. 

The  aerodynamic  data  representing  these  airfoil  sections  in  both  the  hover 
and  the  forward-flight  analyses  are  used  in  a  tabular  look-up  format  of 
c ^  and  c&  on  the  busis  of  blade  element  thickness  ratio,  camber  design 
lift  coefficient,  angle  of  attack  and  Mach  mmber.  These  data  have 
been  synthesized  in  the  manner  of  the  rotor  blade  section  data  of  Refer¬ 
ence  9*  Variations  far  thickness  ratios  and  cariber  have  been  generated 
using  transonic  similarity  rules  as  Indicated  in  Reference  10  and  have 
been  cross  checked  with  nuaerous  data  sources  found  in  the  bibliography  of 
Reference  10.  These  have  been  further  verified  through  high-speed  wind- 
tunnel  tests. 

The  hover  analysis  employ*  a  blade  element  momentum  balance  at  each  of  a 
series  of  discrete  blade  radius  stations  and  accounts  far  finite  blade 
amber  on  the  basis  of  thrust  produced.  Integrated  results  of  this  analy¬ 
sis  have  sham  good  correlation  with  results  of  whirl  tower  tests.  The 
forward-flight  performance  analysis  consists  of  a  modified  and  an  expanded 
version  of  that  reported  in  References  11  aftd  12,  The  method  includes  cn 
iteration  cycle  on  blade  motion  and  tip  path  plane  trim  to  the  shaft  nor¬ 
mal  plane.  Accordingly,  the  data  provided  in  Figures  44  through  65  of 
Appendix  HI  represent  triosed  flight  rotor  conditions  in  which  the  hub 
moments  have  been  trimmed  to  zero  by  the  application  of  appropriate  cyclic 
pitch  control.  Far  these  condition*  *  the  tip  path  plane  is  parallel  to 
the  shaft  normal  plane. 
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Vehicle  performance  can  be  evaluated  by  the  method  indicated  in  the  sample 
calculation  in  Appendix  III. 

AIRCRAFT  CONTROL  REQUIREMENTS 

To  evaluate  control  cross  coupling  and  control  at  high  speed,  a  digital 
computer  simulation  is  used. 

Nine  degrees  of  freedom  are  incorporated  in  the  digital  simulation,  as 
follows: 

Rotor:  1  flapping  degree  of  freedom  x  4  blades  - 
4  degrees  of  freedom 

Gyro:  2  degrees  of  freedom 

Nonrotating  airframe:  3  rigid-body  degrees  of  freedom:  pitch, 

roll,  and  plunge  (vertical  velocity  in 
body  coordinates) 

The  simulation  is  performed  in  two  parts.  First  an  isolated  rotor  solu¬ 
tion  is  obtained  using  the  4-degree-of -freedom  main  rotor  port  ion  of  the 
program.  Forces  and  moments  applied  to  the  vehicle  by  the  rotor  are  cal¬ 
culated  as  functions  of  shaft  rolling,  pitching,  and  plunging,  and  as 
functions  of  the  cyclic  pitch  inputs.  These  responses  are  reduced  to  their 
"quasi-static"*  components,  thereby  producing  a  set  of  rotor  stability 
derivatives.  These  stability  derivatives  provide  equations  of  the  form 


5l  a 
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The  second  part  of  the  simulation  substitutes  the  rotor-stability 
derivatives 


3mh  3mh 

3Als  ’  3Bls  *  *  ' 


*Quasi-static  means  that  the  transfer  functions  of  the  rotor  (e.g.,  pitch 
hub  moment/pitching  rate)  were  reduced  to  constants.  This  is  regarded  as 
a  good  assumption,  since  the  dynamic  response  of  a  rotor  is  quite  fast 
compared  with  overall  vehicle  time  constants  and  frequencies. 


along  with  the  appropriate  nonrotating  airframe  derivatives,  into  a  set  of 
linear,  constant  coefficient  differential  equations.  The  gyro  nutation 
node  is  assumed  to  he  adequately  damped  (this  is  equivalent  to  assuming 
that  the  gyro  functions  as  a  pure  integrator  with  gain  JO),  which  reduces 
the  number  of  vehicle  dynamic  equations  to  three. 

These  three  differential  equations  are  solved  digitally,  producing  time- 
history  vehicle  responses  to  steps  of  lateral  and  longitudinal  stick 
displacements. 

ROTOR  IWHAWie  STABILITY 


The  dynamic  behavior  of  the  XH-51A  rigid-rotor  system  can  be  described  as 
that  of  a  gyroscope  which  is  flexibly  connected  to  the  transmission  and 
fuselage  and  which  ia  slaved  to  a  control  gyroscope.  The  control  gyro 
receives  feedback  information  from  the  rotor  and  fuselage  as  well  as  com¬ 
mand  inputs  from  the  pilot. 

While  the  rotor  is  simply  characterized  above  as  a  gyroscope,  this  analyti¬ 
cal  model  of  the  compound  rigid-rotor  system  has  been  described  in  a  fully 
coupled  collective-cyclic  aerodynamic-mechanical  formulation.  This  model 
includes  the  effects  of  Mach  number  and  reverse  flow  in  the  flapping,  the 
in-plane  and  the  feathering  relationships .  The  analytical  model  is  des¬ 
cribed  In  terms  of  the  basic  degrees  of  freedom  utilized  in  both  the  dosed 
farm  and  transient  solutions  obtained. 

Table  VII  summarizes  the  specific  degrees  of  freedom  incorporated  in  the 
analytical  model. 

The  space  configuration  of  the  elastic  rotor  system  ia  approximated  by  the 
superposition  of  a  finite  number  of  fundamental  mode  shapes.  Thus,  the 
generalized  coordinates  numbered  3  through  8  represent  multipliers  that 
determine  the  amount  that  the  normalized  mode  shapes  contribute  to  any 
general  deformation  of  the  rotor. 

The  mechanical  description  of  the  rotor,  the  gyro,  and  the  fuselage 
(anisotropic,  describing  the  pitch,  roll,  and  plunge  of  the  fuselage  as  a 
rigid  body)  la  formulated  in  the  stationary  coordinate  system. 

The  rotor  aerodynamic  analysis  is  performed  with  a  separate,  rather 
elaborate  program.  Briefly,  each  blade  ia  subdivided  into  20  elements. 

The  cyclic  pitch  necessary  to  trim  the  rotor  system  is  calculated  by  an 
iteration  procedure.  The  program  yields  virtually  all  rotor  system 
characteristics,  including  resolved  thrust,  drag  and  pitching  loads,  on  each 
blade  element  at  each  of  2k  equal  azimuth  intervals.  A  harmonic  analysis 
is  performed  on  this  loading,  and  the  steady  as  well  as  the  first  six  har¬ 
monics  of  blade  loading  sure  obtained.  However,  only  the  first  two  harmon¬ 
ics  of  the  airload  sure  introduced  into  the  dynamic  smalysis  discussed 
here;  that  is,  the  solution  which  is  sought  is  concerned  only  with  the 
dynamic  aeroelastic  stability  of  the  system  as  it  is  represented  by  the 
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model  discussed  above.  Mach  masher,  stall,  and  reverse  flow  effects  are 
taken  into  account  by  the  use  of  two-dimensional  airfoil  data  for  the  full 
spectnas  of  angles  of  attack  encountered  by  the  rotor  blade  eleaents. 


The  behavior  of  the  system  is  defined  by  &  set  of  l6  simultaneous  total 
differential  equations  in  the  independent  variable  time.  Two  basic  tech¬ 
niques  have  been  applied  to  the  solution  of  these  equations.  The  first 
involves  computation  of  the  complex  eigenvalues,  which  determine  the 
Characteristic  frequencies  and  damping  factors  and  which  provide  the  neces¬ 
sary  information  to  plot  critical  stability -rotor  speed  diagrams  for  spec¬ 
ified  flight  speeds.  The  second  technique  enploys  &  time-history  solution 
to  determine  the  dynamic  response  of  the  rotor-fuselage  system  to  a  time- 
dependent  control  input.  The  solution  is  initiated  by  imposing  the  swash- 
plate  attitude  that  would  be  required  for  trim  of  the  rotor  system  if  it 
were  perfectly  rigid.  Thereafter,  the  control  gyro  is  allowed  full  cyclic 
authority.  Time  histories  of  all  16  degrees  of  freedom,  as  well  as  col¬ 
lective  input  and  load  factor,  are  obtained  directly  from  a  tape  plotting 
system-.  These  plots  present  the  dynamic  response  with  respect  to  the  sta¬ 
tionary  coordinate  system. 

ROTOR  LOADS  AMD  HATURAL  FRECgJEHCIES 

A  digital  computer  program  which  consists  of  a  combination  of  airloads  and 
response  analysis  is  used  for  evaluating  blade  bending  and  torsion  moments 
as  well  as  natural  frequencies  of  rotors  with  rigidly  mounted  blades.  The 
airloads  are  computed  in  the  same  manner  as  in  the  performance  analysis, 
employing  the  two-dimensional  airfoil  section  data  to  compute  total  rotor 
thrust,  pitch  and  roll  moments,  and  rotor  torque.  The  control  angles 
required  for  a  given  trimmed  condition  are  computed.  The  response  analysis 
Is  used  to  compute  blade  deflections  and  inertia  forces  cn  the  blade  ele¬ 
ments.  Bending  moments  about  two  axes  and  torsion  are  found  from  the 
deflected  blade  geometry  and  the  combination  of  airloads  and  inertia 
farces.  The  basic  program  has  been  extended  to  include  the  computation  of 
blade  stresses  at  selected  points  of  various  cross  sections  at  each  selec¬ 
ted  azimuth  position.  Blade  natural  frequencies  are  computed  by  setting 
airloads  to  zero  and  computing  blade  response  characteristics. 
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APFWDIX  II 


SLOWED-ROTOR  TEST  EXPBRUWCE 


Various  ae roe lastic  wind  tunnel  tests,  both  full  scale  and  model  scale, 
have  been  conducted  in  connection  with  fully  stopped  and  stewed  rotor  pro¬ 
grams.  These  tests  also  provide  useful  knowledge  regarding  the  aeroe lastic 
phenomena  associated  with  slcwed-rotor  concepts,  especially  in  regard  to 
flight  at  high  advance  ratios.  A  full-scale  stoppe d-r otor  system,  desig¬ 
nated  the  CL-870,  was  sized  for  eventual  flight  test  on  a  modified  com¬ 
pound  XH-51A.  This  relatively  stiff,  three -b laded  rigid  rotor  incorporated 
an  independently  hydraulically  driven  high-speed  gyro  which  maintained  its 
rotational  speed,  and  consequently  its  ability  to  provide  control,  as  the 
main  rotor  speed  diminished.  Figure  39  shows  the  high-speed  gyro  installa¬ 
tion  on  the  model  that  was  tested  in  the  KASA-Ames  40-  x  60-foot  tunnel. 

The  rotor  was  both  stable  and  easily  controllable  down  to  19jt  rotor  rpm 
at  lUo  knots  and  to  lower  percentages  of  rotor  speed  at  lower  forward 
speeds.  In  addition,  substantial  data  relative  to  the  structural  loads 
and  aeroelastic  characteristics  manifested  by  the  CL-870  under  a  variety  of 
conversion  configurations,  at  various  angles  of  attack  and  tunnel  speeds 
to  l4o  knots,  were  also  obtained.  The  results  of  these  tests  are  presented 
in  Figure  40. 

Prior  to  tests  of  the  full-scale  system,  tests  to  study  rotor  in-flight 
stopping  and  starting  were  conducted  on  a  dynamically  scaled  7-42-foot- 
iameter  rotor  mounted  over  a  representation  of  a  wing/body  as  shown  in 
Figure  4l.  This  test  was  performed  in  an  8-  x  12-foot  low-speed  wind 
tunnel.  In  lieu  of  a  mechanical  high-speed  gyro,  the  rotor  system  was 
controlled  by  an  electronic  simulation  of  the  high-speed  gyro.  The  gyro 
rpm  was  eleven  times  the  normal  rotor  rpm.  For  the  gyro  and  rotor  combina¬ 
tion  tested,  the  constant-speed  gyro  was  in  cocmand  of  the  rotor  at  rotor 
speeds  down  to  less  than  10jt  of  the  normal  rotor  rpm.  The  high-speed 
gyro  functioned,  in  the  manner  that  had  been  analytically  predicted,  as  an 
effective  control  gyro.  Figure  42  presents  the  stability  boundary  experi¬ 
mentally  obtained  in  these  tests. 

These  two  wind  tunnel  test  programs  conducted  during  1967  demonstrated  that 
a  constant  high-speed  gyro  will  satisfactorily  control  the  rotor  during  a 
slowed-rotor  operation.  It  was  experimentally  shown  that  the  principal 
attributes  of  the  high-speed  gyro  are  that  (l)  it  maintains  a  feathering 
frequency  near  IP  during  very  large  excursions  in  rotor  speed,  (2)  it  pro¬ 
vides  a  very  high  cyclic  stiffness  which  accotanodates  operation  at  very 
low  rotor  speeds  and  high  advance  ratios,  and  (3)  it  results  in  a  very  high 
nutation  frequency  which  is  easily  damped. 
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Figure  39*  CL-870  Model,  Modified  to  Incorporate  a  High-Speed  Gyro 
Installed  in  NASA-Ames  Uo-  x  80-Foot  Wind  Tunnel. 
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Figure  40.  Results  of  Full-Scale  Model  Tests. 
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Figure  4l.  Dynamic  Model  in  8-  x  12-Foot  Low-Speed  Wind  Tunnel. 


APPENDIX  III 


ROTOR  PERFORMANCE  CHARTS  AND  SAMPLE  CALCULATION 


ROTOR  PERFORMANCE  CHARTS 

Rotor  performance  data  for  high-speed  flight  at  reduced  rpm  are  identified 
in  Table  VIII  for  a  range  of  airfoil  distributions  and  include  selected 
combinations  of  airfoil  geometry  and  blade  twist.  These  data  are  in  gen¬ 
eral  supplemented  by  corresponding  information  at  the  hovering  condition 
(Figures  43  and  44).  The  blade  airfoil,  thickness  ratio  and  camber  (design 
lift  coefficient)  distributions  vary  linearly  between  the  points  of  the 
rotor  radius  stations  at  which  each  of  these  geometric  properties  is 
defined  in  all  tables  and  figures.  A  rotorcraft  flight  condition  spectrum 
Is  shown  in  Figure  45  for  ease  in  identifying  the  operating  realm  of  each 
of  the  high-speed  flight  design  charts,  Figures  46  through  65-  The  methods 
by  which  the  rotor  performance  chart,  data  were  calculated  are  briefly  de¬ 
scribed  in  Appendix  I,  Methods  of  Analysis. 


The  rotor  flight  path  force  components  of  lift  and  drag  are  nondimensional- 
izcd  by  the  product  of  blade  area  and  flight  path  dynamic  pressure  to  give 
Cj^  =  L^/qS^  and  =  Dp/qS^  The  shaft  power  is  modified  to  an  equiva¬ 
lent  drag  along  the  flight  path  and  is  nondimensionalized  in  the  same 
manner  to  give  Cj^  =  550  HP^/q^V.  Therefore,  rotor  total  equivalent 

drag  coefficient  may  be  defined  as  Cj^  =  Cj^  +  Cq^.  These  forms  of  non- 

dimensional  parameter a  are  more  suitable  for  comparing  data  at  different 
rpm  at  the  same  flight  path  speed.  T*  :  performance  data  charts  also 
include  the  longitudinal  cyclic  pitch  settings,  B-^,  required  for  the  noted 
flight  conditions. 


For  the  high-speed  flight  conditions,  these  performance  charts  may  be  used 
for  other  rotor  solidities  with  little  error  in  angle  of  attack  or  drag. 
These  changes  are  only  a  function  of  the  net  induce i  effects,  and  at  these 
high  speeds  the  combination  of  low  lift  loading  and  high  dynamic  pressure 
with  the  relatively  large  span  (the  diameter )  makes  the  induced  effects 
negligible.  Also,  shaft  power  is  essentially  independent  of  these  effects. 


The  high-speed  performance  data  charts  are  developed  to  provide  adequate 
information  consistent  with  the  unloaded  rotor  mode  of  operation  applied 
in  high-speed  flight.  The  basic  data  regime  in  each  case  is  that  for  a 
zero  three-quarter-radius  collective  pitch  setting  at  an  angle  of  attack 
range  between  zero  rotor  lift  and  zero  rotor  shaft  horsepower  (autorota¬ 
tion).  As  the  advancing  tip  Mach  number  increases  at  the  same  flight 
speed  (Figures  47,  48  and  49  in  reverse  order),  there  is  a  tendency  for 
the  shaft  power  curve  not  to  pass  through  the  autorotation  point, 

even  at  a  low  collective  pitch  setting,  precluding  autorotation.  This 
trend  becomes  more  severe  at  higher  collective  pitch  settings . 
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tlADC  SECTION  CHARACTEIISTICS 


Figure  43.  Rotor  Hovering  Perforaance,  Effect  of  Twist. 
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Performance  Data  for  High-Speed  Plight,  Case  2. 
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Figure  49.  Rotor  Performance  Data  for  High-Speed  Flight,  Case 
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Figure  59.  Rotor  Performance  Data  for  High-Speed  Flight,  Case  14 
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A  number  of  the  performance  charts  include  data  in  addition  to  the  basic 
design  regime  for  one  or  two  more  collective  pitch  settings  in  2-degree 
increments.  These  are  included  to  show  the  effect  of  increasing  collec¬ 
tive  pitch  as  the  advance  ratio  increases  and  becomes  greater  than  unity. 
The  zero  setting,  or  a  near-zero  three -quarter -radian  collective  pitch 
setting,  is  used  in  order  to  obtain  the  maximum  available  range  of  longi¬ 
tudinal  cyclic  pitch  for  maneuvering.  (There  is  no  requirement  for  col¬ 
lective  pitch  control  at  high-speed  flight,  and  the  collective  pitch  con¬ 
trol  is  normally  set  at  a  detent  for  this  flight  condition.) 

Reference  to  the  performance  charts  for  a  selected  blade  geometry  at 
successively  increasing  flight  speeds  and  decreasing  rotor  rpm  (therefore 
increasing  advance  ratio)  shows  a  gradual  decrease  in  lift  coefficient  with 
increasing  collective  pitch  at  each  discrete  advance  ratio.  At  advance 
ratios  above  1,  there  is  a  decrease  in  lift  with  increasing  collective 
pitch.  It  is  evident  that  there  is  no  need  to  make  use  of  the  collective 
pitch  control  at  high  speeds,  and  the  lift  reversal  makes  it  undesirable 
to  employ  collective  pitch  control  at  high  advance  ratios,  especially  those 
above  unity. 

Figure  66  is  included  to  describe  tail  rotor  operation  in  high-speed 
flight.  Unlike  the  main  rotor,  which  is  trimmed  parallel  to  the  shaft  nor¬ 
mal  plane  for  zero  hub  moments  and  which  shows  a  lift  reversal  with 
increasing  collective  pitch  at  the  advance  ratios  above  unity,  a  conven¬ 
tional  tail  rotor  is  free  to  teeter  with  respect  to  its  shaft  and  does 
not  demonstrate  reversal  of  thrust  with  increasing  collective  pitch  at  the 
higher  advance  ratios.  The  quality  of  no  reversal  is,  of  course,  essential 
to  provide  yaw  control  through  the  tail  rotor  regardless  of  flight  speed 
and  main  rotor  rpm. 

With  allowance  for  the  characteristics  noted,  the  performance  data  charts 
show  no  fundamental  rotor  limitations  through  the  flight  speed  of  325  knots 
covered  by  these  charts .  Data  developed  by  the  forward  flight  analysis 
are  compared  with  flight  test  data  of  Reference  3  in  Figure  67  and  show 
good  coirelation.  The  increments  between  the  analytical  and  the  test 
curves  reflect  very  small  amounts  of  drag  and  power,  and  the  analytical 
results  are  slightly  conservative. 


SAMPLE  CALCULATIOH  FOR  RIGID-ROTOR  COMPOUND  HELICOPTER  AT  HIGH  SPEED 

This  s  mple  calculation  shows  how  the  rotor  is  combined  with  the  nonrota¬ 
ting  airframe  at  the  high-speed  point  and  how  the  aircraft  designed  for 
that  point  is  flown  to  a  range  of  lower  speeds  at  the  same  collective  pitch 
setting. 

Assume  that  a  maximum  forward  speed  of  32?  kno'cs  at  sea  level  cr.  a  standard 
day  at  a  gross  weight  of  6300  pounds  is  desired.  Such  a  design  point  may, 
in  fact,  be  selected  to  insure  the  desired  performance  at  the  objective 
speed  of  300  knots.  At  325  kno;s,  the  rolor  lift  is  zero  and  the  collective 
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Figure  66. 


V  *  300 KN  q  -  305PSF  TWIST  =■  ODEG  »/:  =  0.07  CONSTANT 


Tail  Rotor  Performance  Data  for  High-Speed  Flight,  Case  21 


100 


f 

\ 


pitch  is  set  at  a  low  value,  6.75  =0  degrees.  Referring  to  Figure  60  for 
a  tapered  thickness,  cambered,  -5  degree  twist  rotor  configuration  opera¬ 
ting  at  75%  rpm,  it  is  seen  that  if 


is  assumed 

to  be  0  and 

/  "  ~^*55  deg 

\  Cpjj  =  0.00915 

8  is  assumed  to  be  0  deg,  then 

•  \s 

\  CD  =  0.005^2 

I  % 

1  B1  =  -1.27  deg 

358  psf  and  Sb 

-  78.8  ft2, 

\  ■  *5,  X  - 

258  lb 

(1) 

-  (q»y550)  C 

=  152  hp 

(2) 

Wing  lift  must  equal  vehic.le  weight  and  an  operating  lift  coefficient  of 
O.35  is  chosen.  Wing  area  is  found  to  be 


Sv.  =  yq  =  50.25  ft" 


(3) 


Selecting  the  wing  span  as  16.6  ft  and  Oswald’s  airplane  efficiency  factor 
as  e  =  0.7,  the  drag  varying  with  lift  is 


Dl  -  (1^/b wr/**e  «  183  lb 


(M 


Conventional  design  practice  for  a  high-speed  compound  helicopter  would 
result  ir.  a  near-zero  rotor  shaft  incidence.  Since  this  example  is 
intended  to  parallel  the  high-speed  XH-51A  compound  helicopter,  which  was 
developed  from  the  XH-51A  helicopter,  a  shaft  tilt  of  6  degrees  forward 
is  used. 
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Hence,  from  Figure  63, 


°T  =  °TP?  +  S  =  k-k5  dep 


Assuming  a  lift  curve  slope  for  the  total  nonrotating  airframe  of 
0.09  per  deg, 


ftW  ftF  +  =  0.09  =  de6 


which  gives  iw  -  -O.56  deg. 

Identifying  a  minimum  drag  area  for  the  airframe  with  interference  but 
minus  main  rotor  blades  as  equal  to  9*55  ft2  and  the  tail  rotor  drag 
expressed  in  terms  of  an  equivalent  parasite  area  as  0.05  ft2 ,  a  subtotal 
of  drag  area  of  9-60  ft2  is  obtained.  Then 


Dp  =  qf  =  3*<35  lb 


Finally, the  propulsive  force  requirement  is 


Fn  =  Dp  +  Dl  +  Er  =  3876  lb 


Tail  rotor  power  is  1C  hp  and  accessories  ar.d  losses  amount  tc  6  hp  plus 
3 %  of  the  total  shaft  po..er  required: 


^REQD  =  +  r3>TR  +  '"^LCSS^  ~  x'^  hp 


Now  consider  the  effect  of  reducing  speed  tc  3CC  knots  while  holding  con¬ 
stant  collective.  Wing  and  rotor  lift  sharing  is  determined  by 


Figure  68. 


Nondimens ionalizing  by  qSb  and  substituting  for  lyj  =  qSCji^(0fw)> 


Is"  =  ^  +'s"  CL  +  *W  +  ftTPP  ~  *  ^ 

b  b  °w 

■where  e  is  the  rotor  downvash  angle;  in  the  flight  regions  covered  by  this 
example,  t  is  of  negligible  magnitude.  Rearranging  and  entering  values. 


=  0.262  -  0.0573 (5 -1*1*  +  «Tpp) 


(12) 


Referring  to  Figure  59* this  condition  is  satisfied  when 


g  is  assumed  to  be  0  deg;  then 


®TPP 

=  -1.05  deg 

=  0.0104 

% 

=  0.0081 

c% 

*  0.0059 

h 

=  -O.Ql  deg 

Since  q  =  305  psf, 

Lp  =  250  lb 

dr  =  195  lb 
hpr  =  130  hp 


Also, 


=4.95  deg 

and 

Dl  =  198  lb 

-  4.39  deg 

Dp  =  2926  lb 

=  0.395 

F„  =  3319  lb 

=  6050  lb 

n^REQJ)  =  150  hP 
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As  the  forward  speed  is  reduced  farther,  it  is  no  longer  necessary  to  main¬ 
tain  the  ?5*  rpm.  Selecting  8 U.6%  rpm  at  250  knots  as  shown  in  ligure  56, 


c  _  is  assumed  to  be  0  deg;  then 

.7? 


Since  q  =  212  psf, 

1^  =  819  lb 

D  =  162  lb 
R 

HEL  =  lUC  hp 
R 


o-F  =  6.27  deg 
av  =  5.71  deg 
%  -  0*515 
1^  =  5U81  lb 


TPP 

% 

% 

CDq_ 


0.27  deg 
O.OU9 
0.0097 
0.0109 
0.06  deg 


Dt  =  23U  lb 

Xi 

Dp  =  2035  lb 
Fw  =  2U31  lb 

«W  161  hp 


The  preceding  is  illustrated  in  Figure  69. 
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identified  and  analyzed,  and  methods  for  their  elimination  are  presented  to  shosr  that 
the  flight  envelope  may  be  expanded.  Also,  the  effects  of  various  rotor  systea  design 
parameters  on  both  high  speed,  at  a  range  of  tip  speeds,  and  hover  operating  character¬ 
istics  are  considered  to  identify  those  parameters  which  are  aost  critical  to  the 
design,  and  to  provide  a  basis  for  the  selection  of  the  best  rotor  design  for  the 
slowed-rotor  XH-S1A  compound  helicopter.  ^  ^  . 
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